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Sciences, University of Bern, Bern, Switzerland, 3Department of Experimental Plant Ecology, Institute for Water and Wetland
Research, Radboud University Nijmegen, Nijmegen, Netherlands, 4 State Key Laboratory of Vegetation and Environmental
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Although plastic root-foraging responses are thought to be adaptive, as they may
optimize nutrient capture of plants, this has rarely been tested. We investigated whether
nutrient-foraging responses are adaptive, and whether they pre-adapt alien species
to become natural-area invaders. We grew 12 pairs of congeneric species (i.e., 24
species) native to Europe in heterogeneous and homogeneous nutrient environments,
and compared their foraging responses and performance. One species in each pair is
a USA natural-area invader, and the other one is not. Within species, individuals with
strong foraging responses, measured as plasticity in root diameter and specific root
length, had a higher biomass. Among species, the ones with strong foraging responses,
measured as plasticity in root length and root biomass, had a higher biomass. Our
results therefore suggest that root foraging is an adaptive trait. Invasive species showed
significantly stronger root-foraging responses than non-invasive species when measured
as root diameter. Biomass accumulation was decreased in the heterogeneous vs. the
homogeneous environment. In aboveground, but not belowground and total biomass,
this decrease was smaller in invasive than in non-invasive species. Our results show
that strong plastic root-foraging responses are adaptive, and suggest that it might aid in
pre-adapting species to becoming natural-area invaders.
Keywords: invasion ecology, multi-species comparison, nutrient heterogeneity, phenotypic plasticity,
pre-adaptation, root morphology
Introduction
Soil nutrients are generally patchily distributed, frequently at scales as small as a few centime-
ters (Hodge, 2004). As a result, different parts of a single plant may experience different nutrient
conditions. They can respond to this heterogeneity by differentiating their root growth and devel-
opment between nutrient-poor vs. nutrient-rich soil patches (de Kroon et al., 2009). These plastic
root-foraging responses are thought to enable plants to optimize nutrient capture, and increase
plant performance (Robinson et al., 1999). Therefore, the capacity for a strong root-foraging
response when growing in heterogeneous soil may be expected to be positively correlated to species
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success or invasiveness. However, it is not known whether or to
what extent this is the case.
Many plant species have been introduced to new regions.
Some of these species have been able to sustain stable popula-
tions (have become naturalized), and some of those have formed
new populations and spread rapidly (have become invasive)
(Williamson and Fitter, 1996). Most invasions start in anthro-
pogenic environments, and most alien species stay there, but
a small subset of alien species manages to also invade natu-
ral habitats (Richardson et al., 2000). Frequently, this happens
after disturbance events, as predicted by the fluctuating-resources
hypothesis (Davis et al., 2000). Few, if any, studies have tested
what distinguishes these natural-area invaders from other natu-
ralized alien species. In natural habitats, irrespective of whether
they are more or less heterogeneous than anthropogenic environ-
ments, alien plants are likely to experience stronger competition
from resident species. Under such conditions, it may be especially
important to be able to rapidly find and exploit high resource
patches (Robinson et al., 1999; Parepa et al., 2013). We there-
fore expect that successful natural-area invaders have stronger
root-foraging responses than unsuccessful ones.
Invasiveness of species is partly determined by their traits
(Pyšek and Richardson, 2007; van Kleunen et al., 2010b). Phe-
notypic plasticity—the change in the expressed phenotype of a
genotype as a function of the environment (Bradshaw, 1965)—is
frequently mentioned as a trait that potentially promotes inva-
siveness (Baker, 1965; Richards et al., 2006; Hulme, 2008). Plastic
species could express optimal phenotypes under different grow-
ing conditions, and this increased environmental tolerance could
also allow them to grow in novel environments. In other words, a
high plasticity of species in their native ranges could pre-adapt
them to the novel environments that they may encounter in
their non-native ranges. Some studies found support for a rela-
tionship between plasticity and invasiveness (Davidson et al.,
2011; Dawson et al., 2012a,b; Keser et al., 2014), but others did
not (Schlaepfer et al., 2010; Palacio-López and Gianoli, 2011;
van Kleunen et al., 2011). These discrepancies could partly reflect
that plasticity of a trait in response to a certain environmen-
tal variable is not necessarily adaptive (i.e., does not necessarily
increase fitness; van Kleunen and Fischer, 2005). Because plastic
changes in root morphology may enhance resource acquisition
and thereby performance of the plant, root foraging is likely to be
an example of adaptive phenotypic plasticity. Surprisingly, how-
ever, it has rarely been tested explicitly whether root foraging
increases performance (but see Wang et al., 2013).
To test whether root foraging is adaptive, and whether it
generally pre-adapts plant species to invade natural areas, we
conducted a multi-species greenhouse experiment. In this exper-
iment, we compared the effect of soil heterogeneity on root mor-
phology and on plant performance of native European plant
species differing in their invasion success in natural areas in
the USA. We used 24 plant species subdivided into 12 con-
generic species pairs from eight plant families, all of which have
been introduced to and naturalized in North America. Within
each pair, one species is listed as a natural-area invader and the
other is not. We grew all species in homogeneous and heteroge-
neous nutrient environments, and assessed (1) themorphological
root-foraging response (root length, root diameter, root biomass,
and specific root length) of plants growing in a heterogeneous
environment with nutrient-rich and nutrient-poor patches, and
(2) the effect of nutrient heterogeneity on the production of
aboveground, belowground and total biomass (as a proxy for
plant performance) of the plants.
We addressed the following three questions: Are plastic root-
foraging responses adaptive in heterogeneous soils? Are Euro-
pean herbaceous plant species pre-adapted to invade natural
areas in North America through strong root-foraging responses
in heterogeneous soils? And do plant species that are invasive in
natural areas experience a more positive or a less negative effect
of soil heterogeneity on plant performance compared to species
that do not invade natural areas?
Material and Methods
Species Selection and Pre-cultivation
We selected a total of 12 congeneric pairs of herbaceous species
from eight plant families. All 24 species are native to Europe, and
have become naturalized in North America (Online Appendix I).
In this experiment, we were interested in the distinction between
plant species that do or do not manage to invade natural areas in
the USA. To decide whether the species are natural-area invaders
or not, we used The Invasive Plant Atlas of the United States
(www.invasiveplantatlas.org), which is a comprehensive compi-
lation of alien plant species that invade natural areas in the US.
These natural areas do not include agricultural land or other
heavily anthropogenic sites. Within each species pair, one species
is listed in this atlas as a natural-area invader in at least four
USA states, and the other one is not listed as such in any USA
state (Online Appendix I). From here on, we refer to the first
group as invasive species and to the second group as non-invasive
species. It could be that some of our non-invasive species are no
natural-area invaders because they did not disseminate into such
habitats yet (van Kleunen et al., 2014b). However, as also our non-
invasive species are already widely naturalized in North America
(see Online Appendix I), we think that this explanation is quite
unlikely.
Because several studies have found a link between relative
growth rate and the strength of the foraging response of plant
species (see references in Kembel and Cahill, 2005), and oth-
ers between relative growth rate and invasiveness (Grotkopp and
Rejmanek, 2007; Dawson et al., 2011), we reduced this potential
confounding factor by balancing the invasive and non-invasive
species in each pair with respect to the average plant size. Average
height was calculated by averaging the minimum and the max-
imum height of the species as listed in Rothmaler et al. (2005)
(Online Appendix I; size difference between invasive and non-
invasive species in the species pairs tested with a paired t-test:
t = 0, p = 1).
We ordered seeds of our species from botanical gardens
throughout Europe and from commercial companies selling
wild-collected seeds (see Online Appendix II). Pre-cultivation
and the experiment took place in the botanical garden of the Uni-
versity of Konstanz, Germany (N: 47◦69′19.56′′, E: 9◦17′78.42′′).
For each of the 24 species, we mixed the seeds from the different
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suppliers. On the 14th of June 2011, we sowed the seeds in trays
filled with a 1:1 mixture of sand and fine vermiculite. We first put
the trays in a cold room (4◦C, 16 h of light per day) for 10 days
to break seed dormancy. After that, we put them in a greenhouse
compartment and kept them at 70% humidity and temperature
between 15 and 25◦C. In a preceding pilot experiment, we found
that some species germinated faster than others. Therefore, we
sowed the seeds of some of the species pairs (genera) 3 days later
(see Online Appendix III) to ensure that seedlings would emerge
more or less simultaneously.
Experimental Set-up
We filled a total of 358 square 1-L pots with a 1:1 mixture of
sand and fine vermiculite. Our experiment lasted for 5 weeks.
This timespan enabled us to study early foraging responses as
they may be particularly critical for the establishment of plants
in nature and also allowed us to harvest the plants before the soil
volume was limiting to the extent that we could no longer see
foraging responses. To reduce the chances that roots would spill
over from one quarter into the others due to limited root space
and to prevent minimize nutrient leakage between pot quarters,
we placed PVC barriers in the pots to divide them into four quar-
ters (barriers stuck out above the soil, and were pushed all the
way down). The central 2× 2 cm of each pot was left barrier free
to allow plants to grow roots in any direction (see Figure 1).
After the seedlings had been in the greenhouse for 2 weeks,
we transplanted, if available, 16 plants per species into the center
of the pots. Because some species germinated poorly, we had<16
plants forArctium tomentosum (8 plants),Centaurea scabiosa (6),
Cirsium palustre (15), Linaria repens (12), Trifolium medium (1),
and Veronica hederifolia (9) (see Online Appendix III). The rela-
tively low number of replicates for some of our species could have
been problematic, if the objective would have been to get accurate
values for each species in our experiment. However, we aimed
FIGURE 1 | Pot set-up. We filled 1-L square pots with a 1:1 mixture of fine
sand and fine vermiculite, and placed PVC barriers in the pots to create four
pot quarters. The middle 2× 2 cm was left open. We supplied plants with a
40ml nutrient solution three times a week with four syringes in the depicted
spots (160ml in total). Plants in the heterogeneous treatment received a
high-strength nutrient solution (40ml 1/2-strength Hoagland solution) in one
quarter and a low-strength nutrient solution (40ml 1/64-strength Hoagland
solution) in the other three pot quarters. Plants in the homogeneous treatment
received the same total amount of nutrients as in the other treatment but as
equal intermediate-strength nutrient solutions (40ml of ∼1/8-strength
Hoagland solution) in all four pot quarters.
to get representative values for the invasive and non-invasive
species as a group and not as individual species. van Kleunen
et al. (2014a) recently showed, using simulations, that the statis-
tical power for detecting differences between groups of species
increases with an increasing number of species used, even if the
number of replicates per species becomes very low. Pots were
placed 7 cm apart on a greenhouse bench, and their positions
were fully randomized. At the start of the experiment, we counted
the number of true leaves (i.e., excluding the cotyledons), and
measured the length and width of the largest leaf on each plant.
Half of the pots of each species were assigned to a heteroge-
neous nutrient treatment; the other half was assigned to a homo-
geneous nutrient treatment. When we had an odd number of
plants for a species, we maximized the number of replicates for
the root-foraging measurements by allocating one plant more
to the heterogeneous treatment than to the homogeneous treat-
ment. Plants in the heterogeneous treatment received a high-
strength nutrient solution (40ml of a 1/2-strength Hoagland
solution in one pot quarter and a low-strength nutrient solution
(40ml of a 1/64-strength Hoagland solution) in the other three
pot quarters. Plants in the homogeneous treatment received the
same total amount of nutrients as in the other treatment but as
equal intermediate-strength nutrient solutions (40ml of a c. 1/8-
strength Hoagland solution) in all four pot quarters. We watered
and fertilized all plants three times per week. Nutrients were sup-
plied 1.5 cm from the pot border through four syringes, which
simultaneously dripped the solution into the pot quarters at a
rate of 25ml/min. We tested whether we created a real nutri-
ent gradient in the pots by taking soil samples from pots without
plants in the first, third, and the last week of the experiment. We
then analyzed the N content of these soil samples (see Online
Appendix IV for more details on this procedure). The fertiliza-
tion regime resulted in a 7.4- (first week of the experiment) to
29-fold (last week of the experiment) difference in N concentra-
tion between the high-nutrient and low-nutrient pot quarters in
the heterogeneous treatment (Online Appendix IV).
Measurements
Five weeks after the start of the experiment, species were har-
vested per congeneric species pair (see Online Appendix III for
dates). We started with the pairs that had the largest plants. We
cut the aboveground biomass at soil level, dried it for at least 72 h
at 80◦C, and weighed it. We divided the soil of each pot into four
parts according to the pot quarters, and washed the roots from
the soil. Thick tap roots and large storage roots (lignified roots,
thicker than 2mm) were separated from the other roots, as they
contribute relatively little to nutrient uptake. Moreover, although
these thick roots were usually in the middle of the pots, they
could strongly bias the foraging results if by chance they ended
up in one of the pot quarters. We determined the root length and
diameter of the roots of the plants from the heterogeneous treat-
ment. In preparation, we stained and preserved the roots from
these plants in a neutral-red solution with 0.01% HgCl2 until fur-
ther analysis. We then determined the length and diameter of
all non-storage roots from each pot quarter using a scanner and
WinRhizo software (Regent Instruments Inc., Quebec, Canada).
Then all roots, also the ones of the plants in the homogeneous
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treatment, were dried for at least 72 h at 80◦C, and weighed. For
plants in the heterogeneous treatment, we calculated the specific
root length for roots in the high-nutrient pot quarter and the
opposing low-nutrient pot quarter as the root length divided by
the root biomass.
Statistical Analyses
We analyzed our data with linear mixed models, using the lme
function (Pinheiro et al., 2010) in the statistical program R (R
development core team, 2010). With these models, it is possible
to account for the complex nested design of our multi-species
experiment by including it in the models as a random structure.
Thesemodels are also relatively robust when data are unbalanced.
Furthermore, the lme function allowed us to correct for het-
eroscedasticity, caused by the large differences in variance among
the species, by adding species variances as a weighting factor
(Zuur et al., 2009).
Testing the Adaptive Value of Root Foraging
The average performance of species may increase with their aver-
age foraging response, and the performance of an individual plant
of a species may increase with its foraging response. As we used
multiple species, we could test the adaptive value of plastic for-
aging responses in the heterogeneous nutrient treatment simul-
taneously at the among-species level and at the within-species
level. We teased apart the effects of the strength of within- and
among-species foraging responses on biomass production using
a random regression model (e.g., Lane et al., 2012) with within-
species mean centering. To do this, we first calculated a foraging
index for each individual plant in the heterogeneous nutrient
treatment. For root length, root biomass and specific root length,
we calculated the index as (the trait value in the high-nutrient
patch - the trait value in the opposite low-nutrient patch)/(the
trait value in the high-nutrient patch + the trait value in the
opposite low-nutrient patch) (e.g., Wang et al., 2013). This way,
a high value would indicate a stronger root-foraging response.
Because we expected plants to produce thinner roots in the high-
nutrient patch, we calculated the foraging index for root diame-
ter as (root diameter in the low-nutrient patch - root diameter
in the high-nutrient patch)/(root diameter in the low-nutrient
patch + root diameter in the high-nutrient patch). Then we cal-
culated the average of each foraging index per species for each
trait, and the deviation of each foraging index of each individual
plant from the average foraging index of the species it belongs to.
We used linear mixed effects models in which ln(total biomass)
of individual plants in the heterogeneous nutrient treatment was
used as the response variable, and the average species forag-
ing index (i.e., to test the among-species effect) and the devia-
tions of the individual foraging indices (i.e., to test the within-
species effect) as explanatory variables. We included the initial
size of the plants as a covariable. To account for variation among
species and variation in the within-species effect among species,
we included the random effects of species identity and initially
allowed the slope of the effects of individual foraging index
deviations to vary among species. Because random slopes did
not significantly improve model fit in the models with foraging
indices of root length, root diameter, and specific root length as
explanatory variables, we removed the random slopes from those
models.
Testing for Differences between Invasive and
Non-invasive Species
For the subset of plants in the heterogeneous nutrient treatment,
we tested whether there was a difference in foraging response
between invasive and non-invasive plant species. For these
analyses, we used as response variables root biomass (biomass
of belowground parts excluding large storage structures), root
length, root diameter, and specific root length. To quantify the
strength of the foraging response, we compared the data from
the high-nutrient quarter and the opposite low-nutrient quar-
ter within each pot (i.e., we had two data points per pot). For
the whole data set, we tested whether there was a difference
in performance between invasive and non-invasive species in
response to nutrient heterogeneity. As measures of plant perfor-
mance, we used total biomass, aboveground biomass, and below-
ground biomass (all four pot quarters combined). We think that
biomass production is a good proxy of performance as size is
frequently associated with competitive ability (Dostál, 2011) and
seed production (Shipley and Dion, 1992) in herbaceous plants.
For the analyses of foraging responses, the fixed terms of
our models included invasiveness of the species (invasive and
non-invasive), nutrient patch (high- and low-nutrient patch),
their interaction and a measure of initial size of the plants (the
length × width of the largest leaf × the number of true leaves).
For the analyses of performance traits, the fixed model part
included invasiveness of the species, nutrient treatment (homo-
geneous and heterogeneous treatment), their interaction and ini-
tial size of the plants. The hierarchical design of our experi-
ment was included in the models as a nested random term: fam-
ily/genus/species/pot. In the analyses of performance traits, we
had only one value per pot, and accordingly we did not specify
“pot” in the random part of thesemodels (i.e., the variance among
pots corresponds to the residual variance).
We used likelihood-ratio tests, based on maximum-likelihood
estimation, to test which fixed factors were significant (Zuur et al.,
2009). We first tested significance of the two-way interaction by
removing it from the model and comparing this model to the
full model. We then tested significance of the main effects by
removing each one in turn and comparing these models to the
full additive model (i.e., the model without the two-way interac-
tion). To achieve normality of the residuals, we ln-transformed
the data of root length, root biomass, belowground biomass, spe-
cific root length, aboveground biomass, and total biomass. For all
analyses in which we used belowground biomass, we excluded the
data from three plants (two T. pratense and one R. acris) because
of accidentally mixed up roots.
Results
The Adaptive Value of Root-foraging in
Heterogeneous Soils
Within species, some strong individual root-foraging responses
had positive effects on biomass production (Table 1, Figure 2).
When the foraging response was measured in terms of root
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diameter and specific root length, these effects were significant.
They were marginally significant when measured in terms of
root length and non-significant when measured in terms of
root biomass (Table 1, Figure 2). Among species, species with
a stronger average foraging response in terms of root length
and root biomass had a significantly higher biomass production
than species with a weaker average foraging response (Table 1,
Figure 2).
Root Foraging of Invasive and Non-invasive
Species in Heterogeneous Soils
In the heterogeneous-nutrient treatment, plants produced sig-
nificantly longer and thinner roots, and had more root biomass
and a higher specific root length in the high-nutrient patches
than in the low-nutrient patches (Table 2, Figure 3). Overall,
TABLE 1 | Effects of the strength of the within-species and
between-species foraging responses (root length, root diameter, root
biomass, specific root length) on the ln-transformed plant biomass.
Foraging trait Among species Within species
Estimate (± s.e.) P-value Estimate (± s.e.) P-value
Root length 2.45 (1.04) 0.020 0.62 (0.32) 0.054
Root diameter 5.64 (7.68) 0.464 4.39 (1.75) 0.013
Root biomass 2.01 (0.87) 0.023 −0.20 (0.34) 0.553
Specific root length −0.93 (2.03) 0.646 0.79 (0.25) 0.002
Presented are the fixed effects estimates of linear mixed effects models, the associated
standard errors and p-values of the among-species and within-species effects. The scaled
start size of the plants was used as a model covariable; species identity was used as a
random factor. Significant results are in bold. Positive estimates indicate a positive effect
of root foraging on performance.
average root length, root diameter, root biomass, and specific root
length (i.e., root length/root biomass) did not differ significantly
between invasive and non-invasive species (Table 2, Figure 3).
However, the root-diameter foraging response was stronger in
the invasive than in the non-invasive species (Figure 3B), as indi-
cated by a significant invasiveness × nutrient patch interaction
for root diameter (Table 2).
Performance of Invasive and Non-invasive
Species in Homogeneous and Heterogeneous
Soils
Averages of aboveground, belowground, and total biomass did
not differ significantly between invasive and non-invasive species
(Table 3, Figure 4C), most likely because we a priori selected
congeneric species of similar size. Overall, plants produced more
biomass in the homogeneous than in the heterogeneous treat-
ment (Table 3, Figures 4A–C). However, while the non-invasive
species had reduced aboveground biomass in the heterogeneous
treatment, the invasive species had not (significant two-way
interaction in Table 3, Figure 4A).
Discussion
Our results suggest that root-foraging responses are adaptive
in heterogeneous nutrient environments, because we found
significant positive effects of root foraging on biomass production
of individual plants within species, and significant positive effects
of foraging on biomass production of species (Table 1, Figure 2).
We also found stronger root-diameter foraging responses in
invasive compared to non-invasive plant species (Table 2,
Figure 3B). In addition, although plants performed worse in
FIGURE 2 | Relationships between root-foraging indices and plant
performance [ln (total plant biomass)] within and among the study
species. The modeled mean effects of each species are indicated by the
dots. When the within-species relationships were significant or marginally
significant, they are shown by the thin lines through each dot. When the
among-species relationship was significant or marginally significant, it is
shown by the thick line. Foraging responses were measured as (A) root
length, (B) root diameter, (C) root biomass, and (D) specific root length, and
performance as the ln-transformed total plant biomass. For calculation of the
foraging index see the section ’ Testing the adaptive value of root foraging
Significant effects are presented as follows: within-species: p > 0.1 (no lines),
0.05 < p > 0.1 (dotted lines), p < 0.05 (solid lines); among-species: p > 0.1
(no line) and 0.1 < p > 0.05 (dotted line). The length of the line represents the
within-species and among-species spread in the foraging index.
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the heterogeneous than in the homogeneous nutrient environ-
ment overall, invasive species were better able than non-invasive
species of maintaining a relatively high aboveground biomass
production in the heterogeneous nutrient treatment (Table 3,
Figures 4A–C). Together, these findings suggest that root forag-
ing is adaptive, and might aid species in becoming invasive in
natural areas elsewhere.
Although it is frequently implicitly assumed that phenotypic
plasticity of a trait in response to an environmental cue is
adaptive, there are still surprisingly few plant traits and envi-
ronmental factors for which this has been empirically tested
(van Kleunen and Fischer, 2005). Well-studied examples are
shade-avoidance plasticity, such as stem elongation (Dudley and
Schmitt, 1996; van Kleunen and Fischer, 2001), and induced
resistance against herbivores (Agrawal, 1998; Agrawal et al.,
2002; Crispo, 2007). Despite the large number of studies on
TABLE 2 | Effects of high- and low-nutrient patches of the heterogeneous
treatment on the biomass and morphology of roots of invasive and
non-invasive plant species.
Response variable Initial Invasiveness Nutrient I*P
size (I) patch (P)
Root length 7.51 (0.006) 0.02 (0.894) 272.99 (0.000) 1.10 (0.294)
Root diameter 1.15 (0.283) 0.42 (0.515) 4.09 (0.043) 21.86 (0.000)
Root biomass 0.78 (0.376) 0.07 (0.797) 180.40 (0.000) 1.22 (0.268)
Specific root length 3.86 (0.049) 0.54 (0.463) 43.42 (0.000) 0.03 (0.865)
Presented are the results of likelihood-ratio tests [log-likelihood ratio and corresponding
p-value (in parentheses)], which we used to test whether invasiveness of species, high- or
low-nutrient patches and their interaction significantly contributed to the fit of linear mixed
effects models. Significant results are in bold.
plastic root foraging (e.g., Robinson et al., 1999; Kembel et al.,
2008), we found only one other experimental study in which
its adaptive value was explicitly tested. Wang et al. (2013)
found that, in a high-contrast nutrient environment, genotypes
of Potentilla reptans with a stronger foraging response, mea-
sured in terms of root biomass allocation, had a higher total
biomass than genotypes with a weaker response. Here, we showed
that this holds across a much larger number of herbaceous
species.
The strength of the foraging response and its effects on per-
formance can vary with the strength of the nutrient contrast
(Wijesinghe and Hutchings, 1999; Wang et al., 2013), and the
persistence of nutrient patches in time (e.g., Mommer et al.,
2011) and space (e.g., Fransen et al., 1999). If these patch dynam-
ics in nature are faster than the root-foraging responses of
the plants, the latter could potentially result in maladaptation
(Stuefer, 1996; Dewitt, 1998). However, as long as the foraging
response results in at least a temporarily higher nutrient acqui-
sition, it could provide a competitive advantage, and result in
a longer term benefit. Another strategy that could allow alien
plants to take advantage of resource pulses is to rapidly germinate
after a resource pulse. Indeed it has been reported that success-
ful alien species frequently germinate faster than less successful
alien species (van Kleunen and Johnson, 2007; Schlaepfer et al.,
2010). Recently, Wilsey et al. (2015) showed that invasive species
can take advantage of such priority effects. Future studies should
address whether invasive species are in general better in tak-
ing advantage of resource pulses in dynamic environments, and
which strategies they use.
We found that the invasive species showed a more plastic
root-diameter foraging response than the non-invasive species
(Table 2, Figure 3B). Similarly, Keser et al. (2014) recently found
FIGURE 3 | Modeled means of (A) root length, (B) root diameter, (C)
root biomass, and (D) the specific root length of invasive (filled
symbols) and non-invasive (open symbols) plant species in the
high-nutrient pot quarter and the opposing low-nutrient quarter.
Please note the cut y-axes. Error bars indicate the modeled standard errors
for the effects of invasiveness (I), the nutrient patch (P), and the interaction
between the two (I*P). Significant effects are presented as follows: 0.05 <
p < 0.1 (.), 0.01 < p < 0.05 (*), 0.001 < p < 0.01 (**), p < 0.001 (***).
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that invasive clonal plants showed stronger root-biomass for-
aging responses than non-invasive clonal plants. These results
are consistent with the idea that invasive species should have
stronger phenotypic plasticity than non-invasive species (Baker,
1965; Richards et al., 2006; Davidson et al., 2011; Palacio-López
and Gianoli, 2011). Even though invasive species are expected
to be more plastic, many empirical tests did not find support
for this (Schlaepfer et al., 2010; Palacio-López and Gianoli, 2011;
van Kleunen et al., 2011). Several factors may contribute to the
lack of support for this hypothesis in other studies. First, and in
contrast to our study, most of the studies did not test whether
plasticity in the trait studied was adaptive. Second, many stud-
ies did not use genetically identical plant material in the different
treatments, and thus may have confounded phenotypic plasticity
with genetic differences, if there was genotype-by-environment
covariation (Schmid, 1992). We avoided this problem by looking
at phenotypic plasticity at the within-plant level. Third, not all
studies compared invasive alien species to less invasive alien
TABLE 3 | Effects of nutrient heterogeneity on the performance
(aboveground biomass, belowground biomass, and total plant biomass) of
invasive and non-invasive plant species.
Response variable Initial Invasiveness Nutrient I*T
size (I) treatment (T)
Aboveground biomass 23.65 (0.000) 0.00 (0.975) 4.08 (0.043) 5.33 (0.021)
Belowground biomass 4.92 (0.027) 0.28 (0.599) 91.36 (0.000) 2.88 (0.090)
Total biomass 19.27 (0.000) 0.06 (0.811) 35.28 (0.000) 2.35(0.125)
Presented are the results of likelihood-ratio tests [log-likelihood ratio and corresponding
p-value (in parentheses)], which we used to test whether invasiveness of species, soil
nutrient heterogeneity and their interaction significantly improved the model fit of linear
mixed effects models. Significant results are in bold.
species, but focused on differences between invasive alien and
native species (Davidson et al., 2011; Palacio-López and Gianoli,
2011). Although such comparisons might provide insights into
why invasive species can displace certain native species, they do
not test why some alien species become invasive and others do
not (van Kleunen et al., 2010a; Burns et al., 2013).
One of the assumptions of the benefit of adaptive phenotypic
plasticity for invasiveness is that plastic species could express
optimal phenotypes under different growing conditions, and are
therefore pre-adapted to become invasive (Richards et al., 2006).
We therefore expected that the invasive species would be bet-
ter capable than the non-invasive species of taking advantage
of the high nutrient patches, and thus of maintaining a rela-
tively high performance in the heterogeneous nutrient environ-
ment. Indeed, we found this for aboveground biomass, and this
suggests that plasticity may aid invasive species to grow better
under less favorable heterogeneous growing conditions. How-
ever, we did not find significant advantages in terms of below-
ground and total biomass. Possibly, the experiment did not last
long enough for such advantages to become apparent. Further-
more, it has been reported that root foraging may increase com-
petitive potential (Robinson et al., 1999). Therefore, future stud-
ies should test whether foraging under competitive conditions
increases the performance of invasive species over non-invasive
species.
Many other plant characteristics that have been reported
to be positively correlated with species invasiveness are also
related to nutrient responses. Dostál et al. (2013) found that
Central European plant species from more productive habitats
and species with a wider habitat-productivity niche in their
native range have higher success as alien plant species else-
where in the world. Dawson et al. (2012a) found that inva-
sive species, just like common native species, can capitalize
FIGURE 4 | Modeled means of (A) aboveground biomass, (B)
belowground biomass, and (C) total biomass of invasive
(filled symbols) and non-invasive (open symbols) plant
species growing in pots with homogeneously or
heterogeneously distributed soil nutrients. Please note the cut
y-axes. Error bars indicate the modeled standard errors for the
effects of invasiveness (I), the nutrient treatment (T), and the
interaction between the two (I*T). Significant effects are presented
as follows: 0.05 < p < 0.1 (.), 0.01 < p < 0.05 (*), 0.001 <
p < 0.01 (**), p < 0.001 (***).
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more strongly on extra nutrients than non-invasive alien species,
and rare native species, do. Similarly, Dawson et al. (2012b)
found that alien plant species with a wider global distribu-
tion are better able to capitalize on increased resource avail-
ability. Furthermore, Funk and Vitousek (2007) found that in
nutrient-poor environments, the nutrient-uptake efficiency of
invasive species was higher than that of native species. The
ability to effectively exploit soil nutrients may therefore be
one of the important factors determining invasiveness of plant
species.
Natural areas can be competitive environments, and this
may hamper colonization by new species. Strong root foraging
could aid colonizing species by allowing them to exploit the
available nutrients, and this has been reported to increase the
competitive potential of plant species (Robinson et al., 1999).
However, Mommer et al. (2012) found that, although a com-
petitively strong species benefited from foraging under compe-
tition, a competitively weaker species had a disadvantage because
it placed its roots in the empty soil patches instead of in the
nutrient-rich patches. Interestingly, we found that on average
natural-area invaders had a stronger foraging response than non-
invaders. Invasive plant species have been hypothesized to have
a stronger competitive ability than non-invasive species (Baker,
1974), although few studies have tested this explicitly (Dawson
et al., 2012a). If invasive species are indeed competitively stronger
and have a stronger foraging response, this could mean additive
benefits for the invasive species in comparison to non-invasive
species.
It has been suggested that the importance of certain plant
traits for plant invasiveness may change with the stage of the
invasion (Pyšek, 1997; Dietz and Edwards, 2006; Theoharides and
Dukes, 2007; Dawson et al., 2009; Pyšek et al., 2009). Here, we
focused on a transition that has received little research attention:
the transition from being naturalized to invading natural areas.
We think that this transition deserves special attention, because
species that can invade natural areas are likely to become prob-
lematic invaders. Our experiment indicates that the potential for
nutrient foraging may contribute to species invasiveness in this
transition.
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